A strain of Halomonas bacteria, GFAJ-1, has been reported to be able to use arsenate as a nutrient when phosphate is limiting, and to specifically incorporate arsenic into its DNA in place of phosphorus. However, we have found that arsenate does not contribute to growth of GFAJ-1 when phosphate is limiting and that DNA purified from cells grown with limiting phosphate and abundant arsenate does not exhibit the spontaneous hydrolysis expected of arsenate ester bonds.
because arsenate is predicted to reduce rapidly to arsenite in physiological conditions (3, 4) , and because arsenate esters in aqueous solution are known to be rapidly hydrolyzed (5) . We have now tested this report by culturing GFAJ-1 cells supplied by the authors (1) and by analyzing highly purified DNA from phosphate-limited cells grown with and without arsenate.
Wolfe-Simon et al. reported that GFAJ-1 cells grew very slowly in AML60 medium (doubling time ~12 hours), and that, when phosphate was not added to the medium, cells failed to grow unless arsenate (40 mM) was provided (1). However, although we obtained strain GFAJ-1 from these authors, in our hands GFAJ-1 was unable to grow at all in AML60 medium containing the specified trace elements and vitamins, even with 1500 !M sodium phosphate added as specified in (1). We confirmed the strain's identity using RT-PCR and sequencing of 16S rRNA, using primers specified by Wolfe-Simon et al.
(1); this gave a sequence identical to that reported for strain GFAJ-1. We then found that addition of small amounts of yeast extract, tryptone or individual amino acids to basal AML60 medium allowed growth, with doubling times of 90-180 minutes. Medium with 1 mM glutamate added was therefore used for subsequent experiments (12).
With 1500 !M phosphate but no added arsenate (Wolfe-Simon et al. ' s -As/+P condition), this medium produced ~ 2 x 10 8 cells/ml, similar to the -As/+P yield obtained by Wolfe-Simon et al.
(1). As expected, the growth yield depended on the level of phosphate supplementation ( Fig. 1) , with even unsupplemented medium allowing significant growth (~ 2 x 10 6 cells/ml). As ICP-MS analysis showed that this medium contained only 0.5 !M contaminating phosphate, our supplementing with an additional 3.0 !M phosphate replicates Wolfe-Simon et al.'s '-P' culture condition. The growth analyses shown in Fig. 1 were performed in the absence of arsenate, and
showed that GFAJ-1 does not require arsenate for growth in media with any level of phosphate.
The cause of the discrepancies between our growth results and those of Wolfe-Simon et al. is not clear. The arsenate dependence they observed may reflect the presence in their arsenate (purity and supplier unknown) of a contaminant that filled the same metabolic role as our glutamate supplement. Our +As and -As cultures grew to similar densities, and we never observed cases where +As cultures grew but -As cultures did not. The phosphate dependence we observed is also consistent with that expected from work on other species (2) .
To investigate the possible incorporation of arsenate into the GFAJ-1 DNA backbone, we purified and analyzed DNA from GFAJ-1 cells grown in four differently supplemented versions replicate DNA preparations from cells grown in either +As/-P or -As/+P medium, and fractions from CsCl gradient analyses of these DNAs.
The initial DNA preparations of +As/-P DNAs contained some free arsenate anion (H 2 AsO 4 -) (Table 1) ; similar to levels reported by Wolfe-Simon et al.
(1). This arsenate was largely removed by three serial washes with distilled water; digested washed DNA contained arsenate at a level slightly higher than in the water blank ( Fig. 3 and Table 1 ). Thus, we concluded that most of the arsenate we detected after preliminary DNA purification arose by contamination from the arsenate-rich (40 mM) growth medium.
Further analyses compared the nuclease-digested and washed fractions obtained from CsCl isopycnic density gradient centrifugation of the DNAs (Fig. 3 ) (12). The arsenate detection limit for these measurements was ~ 5 x 10 -8 M (Table S1 ); a level that if present in the fractions with the most DNA would correspond to an As:P ratio of < 0.1%, 50-fold lower than the 4% ratio reported by Wolfe-Simon et al. Although traces of arsenate (or a contaminant of similar mass to arsenate) were found in several fractions of the CsCl gradient, the arsenate peak never exceeded the limit of detection, and a similar intensity signal at m/z of arsenate was observed in the water blank. There was no evidence that the arsenate trace co-migrated with the DNA. In contrast, normal phosphate-containing deoxynucleotides were observed in rough proportion to the abundance of DNA throughout the gradient for both the +As/-P and -As/+P cells ( Fig. 4A and Table S2 ).
Likewise, no arsenate-conjugated mono-or dinucleotides were detected by exact mass (Figs. 4B
and 4D). Although retention time and ionization efficiency could not be validated using standards for these molecules, their behavior, if the molecules were stable, would be expected to resemble their phosphorylated analogs sufficiently to allow detection. Finally, an enrichment of deoxynucleosides per ng DNA obtained from GFAJ-1 grown in the +As/-P condition, relative to either -As/+P or -As/-P conditions, could indicate nicked DNA resulting from arsenate-ester hydrolysis. However, we did not detect any enrichment despite detecting deoxyadenosine, deoxyguanosine, deoxycytidine, and thymidine ( Fig. S1 and Table S2 ). Thus, while we detected arsenate associated with GFAJ-1 DNA, we found no evidence for arsenate bound sufficiently tightly to resist washing with water, nor able to co-migrate with the DNA in a CsCl gradient. was analyzed by LC-MS at a 1:10 dilution, as were the water wash (+As/-P wash of gDNA), the same DNA following washing and enzymatic digestion (+As/-P washed, digested DNA), and finally, fractions of the same DNA after a CsCl gradient purification and digestion (+As/-P CsCl 1.66x10 
Materials and Methods
Culture methods: Reagent-grade chemicals and glass-distilled water were used throughout. Basal culture medium was AML60 buffered to pH 9.8 with carbonate rather than phosphate (1 M NaCl, 0.2 mM MgSO4, 100 mM Na2CO3, 50 mM NaHCO3, 0.8 mM (NH4)2 SO 4 and 10 mM glucose) and supplemented with vitamins and trace elements as specified by Wolfe-Simon et al.
(1). For growth of GFAJ-1, this was further supplemented with 10 mM KCl and 1 mM sodium glutamate. Na 3 PO 4 and Na 3 AsO 4 (Sigma) were added as required. Final cell densities (as cfu/ml) were determined by plating diluted cultures on agar plates containing AML60 medium without glutamate but with 1500 !M phosphate and 5 mg/ml each of tryptone and yeast extract. Liquid cultures used for DNA preparation and growth analysis were inoculated with cells that had been frozen after depletion of their phosphate reserves by pre-growth in medium supplemented with 3 !M phosphate and 40 mM arsenate (to replicate the standard growth condition used in (1)), followed by thorough washing to remove external arsenate. Liquid cultures were incubated at 28°C, usually in half-full screw-capped glass tubes or bottles with gentle rocking. Two replicate sets of growth curves were done using a BioScreen C Growth Analyzer (Oy Growth Curves Ab Ltd) with 300 !l of each medium in each of 10 replicate wells; broadband readings of optical density (420-580 nm) were taken every 20 min, with 15 sec of shaking before each reading. Our '-P' and '+P' growth conditions were AML60 supplemented with glutamate, KCl, and 3 !M or 1500 !M PO 4 respectively. DNA purification: Cells were pelleted, resuspended in 50 mM Tris 10 mM EDTA, lysed with 1% SDS and extracted with phenol and phenol:chloroform. Ethanol was then added to 70% and the DNA was spooled onto a glass rod and rinsed with 70% ethanol. The airdried DNA was resuspended in 10 mM Tris 1 mM EDTA pH 8.0 (TE) at a concentration of ~ 100 !g/ml, incubated with RNase A (100 !g/ml) and Proteinase K (1 mg/ml) for 30 min at 37 °C, extracted again with phenol and phenol chloroform, and again spooled from 70% ethanol and rinsed. The DNA was air-dried, resuspended in TE, and stored at 4 °C. CsCl gradients: Between 6300 and 33000 ng of purified DNA in 100 !L of TE was added to 900 !L of an aqueous solution of cesium chloride (Sigma) with density of 1.8 g/mL. After gentle mixing, this was pipetted into a polyallomer tube (Beckman Coulter), topped with approximately 3 mL of mineral oil and centrifuged in an SW-60 Ti rotor at 30,000 rpm for 18 hours at 20°C followed by unaided deceleration. Immediately following centrifugation, fractions were collected from bottom (most dense) to top (least dense) using a water-based backpressure device. DNA content of fractions was measured using a NanoDrop instrument (ThermoFisher). DNA cleanup and limit digestion: Prior to digestion, DNA was washed with 350 !L DNAse-free water using 3 kDa centrifugal membranes (Amicon). A two-enzyme limit digestion protocol was used based on previous studies (9): ~40 !L was treated with 0.2 U of P1 nuclease (US Biological, Swampscott, MA) for 2 hours at 50°C followed by the addition of 50 !L 30 mM sodium acetate (pH 8.1) and 1 U snake venom exonuclease (US Biological) and incubation for 18 hours at 37°C. Finally, protein was removed by filtration using 3 kDa centrifugal membranes. LC-MS methods: Free arsenate and both arsenate and phosphate analogs of deoxynucleotides and dideoxynucleotides, were measured using a previously described LC-MS method (10). In this analysis samples are first chemically separated by hydrophobicity using liquid chromatography (LC), and then the separated species are ionized by electrospray and the quantity of ions of different exact masses are measured using mass spectrometry (MS) with 100,000 resolving power (m/"m). The combination of these two measurements, retention time and intensity at a specific m/z, typically provides unambiguous identification of small molecule metabolites. Analysis of standards of known concentration allows the amounts of specific metabolites to be quantitated. The results for a 5 parts per million (ppm) mass-to-charge window around each metabolite of interest were examined separately, as plots showing ion intensity as a function of retention time (extracted ion chromatograms). Briefly, eluant from an Accela U-HPLC system with quaternary pumps was ionized by electrospray into an Exactive orbitrap mass spectrometer operating in negative mode (both from ThermoFisher Scientific, San Jose, CA) under control of Xcalibur 2.1 software. Liquid chromatography separation was achieved on a Synergy Hydro-RP column (10) (100 mm # 2 mm, 2.5 µm particle size, Phenomenex, Torrance, CA), using reversed-phase chromatography with the ion pairing agent tributylamine in the aqueous mobile phase. The flow rate was 200 µL/min; solvent A 97:3 water/methanol with 10 mM tributylamine and 15 mM acetic acid; solvent B methanol. The gradient was 0 min, 0% B; 2.5 min, 0% B; 5 min, 20% B; 7.5 min, 20% B; 13 min, 55% B; 15.5 min, 95% B; 18.5 min, 95% B; 19 min, 0% B; 25 min, 0% B. Other LC parameters were: autosampler temperature 4 °C, injection volume 10 µL, and column temperature 25 °C, maintained by a Keystone hot pocket column heater (ThermoFisher). Mass calibration was performed weekly using polytyrosine-1,3,6 standards (ThermoFisher). Analysis of LC-MS data was performed using the MAVEN software program with mass domain resolution of +/-5 ppm (11). ICP-MS methods: Media was analyzed for phosphate concentrations on a Thermo Element 2 single collector ICP-MS in the ICP Laboratory in the Department of Geosciences at Princeton University. Solutions were measured under both medium and high resolution with identical phosphate concentrations obtained by both measurements. Correlation coefficients for the calibration curves were 0.995. External reproducibility of repeat measurements was 6-8%.
Fig. S1.
Digested GFAJ-1 +As/-P DNA is not enriched for deoxynucleosides. 6300 ng of DNA from conditions with (+As/-P) and without (-As/+P) added arsenate were washed with water and enzymatically digested. Ion counts per ng DNA for each deoxynucleoside measured by LC-MS are shown for two independent experiments. Adduct of dTMP detected in -As samples
